A reverse-phase HPLC (RP-HPLC) method was develop ed for strontium ranelate using a full factorial, screening experimental design. The analytical procedure was validated according to international guidelines for linearity, selectivity, sensitivity, accuracy and precision. A separate experimental design was used to demonstrate the robustness of the method. Strontium ranelate was eluted at 4.4 minutes and showed no interference with the excipients used in the formulation, at 321 nm. The method is linear in the range of 20-320 μg mL -1 (R 2 = 0.99998). Recovery, tested in the range of 40-120 μg mL -1 , was found to be 96.1-102.1 %. Intra-day and intermediate precision RSDs ranged from 1.0-1.4 and 1.2-1.4 %, resp. The limit of detection and limit of quantitation were 0.06 and 0.20 μg mL -1 , resp. The proposed technique is fast, cost-effective, reliable and reproducible, and is proposed for the routine analysis of strontium ranelate.
Keywords: strontium ranelate, HPLC, experimental design, full factorial design Strontium ranelate (SrR, Protelos ® , Osseor ® ) behaves as a dual acting bone agent by inhibiting osteoclast activity and at the same time promoting osteoblast differentiation and maturation (1) . Although several controversies emerged regarding the risk/benefit ratio, as a result communicated by the Pharmacovigilance Risk Assessment Committee (PRAC) of the European Medicine Agency in April 2014, SrR remained in therapy, with further restrictions (2) , as a cost-effective alternative for the treatment of osteoporosis in both male and female patients.
Literature data of the active substance revealed that only a few analytical methods have been developed for the assay of strontium ranelate, including HPLC (3) (4) (5) , HPTCL (6) , UV spectrophotometry (7, 8) , capillary electrophoresis (9) and others (10, 11) .
The up-to-date "quality by design" approach has been successfully used in the pharmaceutical development and characterisation of tablets, optimization of tablet formulations (12, 13) and also for the analytical method development and validation of HPLC (14, 15) and other analytical methods (16) . Design of experiments (DoE) has many advantages in pharmaceutical drug formulations and analytical method development and validation in comparison with techniques like changing one factor at a time (COST). While traditional developmental approaches are mainly empirical and are often conducted using the COST method, DoE implies the possibility of performing systematic and multivariate experiments in order to fully understand the process and product characteristics (17) (18) (19) . The reported HPLC methods (3-5) use a multicomponent solvent system and laborious sample preparation as well as conventional method development and validation.
The main goal of the present study was to develop a high throughput HPLC method for quality control of strontium ranelate, which fulfils method validation requirements requested by international guidelines (20). Also, we investigated the effectiveness of a computational design approach for method development and validation.
EXPERIMENTAL

Reagents
The active pharmaceutical ingredient SrR octahydrate (22.5 % water determined by the Karl-Fischer titrimetric method, γ = 99.2 % by HPLC) was from Dishman Pharmaceuticals and Chemicals, India. Methanol (MeOH) and trifluoroacetic acid (TFA) used were from Merck, Germany. Mannitol (Pearlitol 300DC, Ph. Eur., Roquette Pharma, France), maltodextrin (Lycatab DSH, Ph. Eur., Roquette Pharma) and aspartame (Ph. Eur., Sigma Aldrich, USA) were used for selectivity studies. Osseor ® 2g -granules for oral suspension (Lés Laboratoires Servier, France) was purchased from a local pharmacy.
Preparation of standard solution
For the stock solution, 8 mg of SrR octahydrate was weighed in a 100-mL volumetric flask and made up with TFA 0.1 (0.1 %, V/V) to the mark. The final solution was stirred on 
Chromatographic conditions and apparatus
HPLC separations were performed with an Agilent 1260 Infinity system with Open-LAB CDS software (Agilent Technologies, USA), using a RP-HPLC column, Inertsil ODS-3, 4.6 × 250 mm, 5 μm porosity (GL Sciences, Japan). The optimized isocratic mobile phase was composed of MeOH and TFA (0.1 %, V/V) in the proportion 52:48 (V/V). The samples (20 μL) were injected using an auto sampler and a quaternary pump with degasser. Signal detection was carried out with a diode array detector at 321 nm. All analyses were performed at 34 °C.
Method optimization using design of experiments (DoE)
Experimental design. -In order to optimize the mobile phase composition and ambient conditions of the HPLC system, we performed a screening type, full factorial design (optimization) with three centre points using MODDE 11.0 software (Umetrics, Sweden). The factors defined in the current model are as follows: mobile phase composition, flow rate and column temperature. Taking into consideration that the mobile phase composition and flow rate were defined at three levels, and column temperature at two levels, the full factorial design returned 21 experiments (3 2 = 9 runs in our case, where 3 represents the levels defined, and 2 in the exponent stands for the number of factors. Respective experiments were performed for both lower and higher temperature settings, yielding 18 runs, and resulting in a total of 21 runs with centre pointed experiments). Experiments were run in replicate samples and peak asymmetry, theoretical plate numbers and retention times being noted as responses (Table I) . Model fitting. -The model was fitted using the partial least squares (PLS) method. The experimental model was characterised based on the significance of the regression model using the analysis of variance (ANOVA) and its lack of fit test, and the model performance indicators. ) is lower than 0.2-0.3, otherwise indicating an inappropriate and insignificant model, and at the same time it is desirable for Q 2 values to be higher than 0.5. The third and rightmost bars represent model validity and reproducibility, resp. Model validity describes the appropriateness of the selected type of model in general sense and is accepted if it returns a reference value greater than 0.25 (17) . Taking into consideration that when the pure error is very small (replicate results almost identical), model validity can be low even though the model is good and complete (18) . Finally, model reproducibility gives information about the control of the experimental procedure; the higher the numerical value (> 0.5), the smaller is the replicate (pure) error. Also, evaluation of raw data should be performed on the basis of the coefficient plots of selected responses. Coefficient plots represent the dominating factors of the responses and the direction in which the influence is powerful. Based on the coefficient plots, model refinement is performed by deleting insignificant factors to response interactions (p > 0.05) (17, 19, 21) .
Evaluation
Optimization. -After model fitting and refinement, an optimizer run was performed and factor settings were defined using the prediction spreadsheet function.
Validation of the optimized analytical method
The developed method based on the DoE optimizer was validated according to international guidelines (20).
Linearity. -Linearity was investigated in the range of 20-320 μg mL -1 at 11 points (20, 40, 60, 70, 80, 90, 100, 120, 160, 240, 320 μg mL Selectivity. -Selectivity studies were performed according to the qualitative and quantitative composition of the original product, Osseor ® 2 g-granules for oral suspension. The pharmaceutical formulation was prepared from mannitol 4.0 g, maltodextrin 0.4 g and aspartame 0.02 g per dose. Samples containing individual excipients, a placebo mixture and placebo spiked with SrR were prepared and analysed under the same conditions (dissolved in TFA 0.1 %, V/V, and using the same mobile phase).
Accuracy (recovery). -Accuracy testing was performed using placebo samples spiked with SrR (50, 75, 100, 125 and 150 % of the working concentration, repeated three times for each concentration).
Robustness. -Method robustness was tested using a separate experimental design (Plackett-Burman model fitted with multiple linear regression, MLR) with three centre points. The Plackett-Burman (PB) design is an orthogonal two-level experimental design, which allows to test a large number of factors, but no factor interactions can be evaluated. Taking into consideration that robustness testing implies linear analysis of the factors and responses, the PB model represents one of the commonly used designs for method robustness testing. After model fitting and raw data evaluation, various outcomes of robustness testing are to be considered on the basis of the R 2 and Q 2 values: i) inside specification and significant model, ii) inside specification and insignificant model, iii) outside specification and significant model, iv) outside specification and insignificant model. The second limiting case (results inside specification and insignificant model) represents the optimal outcome of robustness testing, since all results are situated in-between the specification limits and no significant relationship is observed between the factors and responses (17) . The factors defined for the experimental design were the same as described in DoE optimization, with the following intervals: methanol proportion 50-54 % (V/V), flow rate 0.65-0.75 mL min -1 , column temperature 32-36 °C. The investigated factors were defined at two levels, resulting in 11 experiments. The experiments were run in two replicates, and the responses were the same as defined in optimization DoE, respecting the corresponding intervals in all three cases.
Furthermore, method robustness was tested for individual changes of the detection wavelength (319 and 323 nm) and filter type (regenerated cellulose 0.22-μm filter vs. routine analysis filter).
Limit of detection (LOD) and limit of quantitation (LOQ)
. -Limit of detection (LOD) and limit of quantitation (LOQ) were defined as concentrations at a signal-to-noise ratio of 3:1, for six replicate determinations, and at a signal-to-noise ratio of 10:1, for three replicate determinations.
Precision. -Samples containing Osseor
® granules, corresponding to 6.24 g SrR anhydrous, were prepared and analysed six times on a single day and on different days by two analysts.
Statistical analysis
Statistical analyses were performed using Minitab 17 software (Minitab Inc., State College, PA, USA) and Statistica 8.0 software (StatSoft, Tulsa, OK, USA).
Outlier values from the experimental designs were detected using Grubb's test for outliers at a significance level of α = 0.05 (p < 0.05).
Normal distribution of the residuals for linearity testing was demonstrated by the Shapiro-Wilk test (confidence interval of 95 %), and the normality test for residuals was also assessed by a Q-Q plot. The test was considered significant if the W value calculated for the analyte was higher than the critical tabulated value and p < 0.05, simultaneously. Linearity acceptance was also assessed, based on the relative standard deviation of subsequent injections for each concentration (requirement: < 2 %), and the plot of response versus the corresponding concentration values was calculated with an acceptance limit of 2.5 % of the target level response factor. Calibration curve significance was tested with ANOVA F-test and its test for lack of fit (confidence limit of 95 %). Process capability was calculated for the plot of response vs. concentration values in order to assess the ability of the process to perform within the specification limits (acceptance value C pk > 1.33).
Student's t-test was used in order to statistically compare the result sets of intra-day and intermediate precision, statistical significance being set at a confidence level of 95 % (22) . RESULTS 
AND DISCUSSION
Screening experimental design (optimization)
Two experiments were excluded from this procedure due to inappropriate retention times; outlier values were excluded from the design as well. The results are presented in Table II . For all three responses (peak asymmetry, retention time, theoretical plate number), significant regression models were obtained (p < 0.05) and lack of fit was observed (p < 0.05) in some cases. This phenomenon is also sustained by low model validity for all responses (< 0.25). In contrast to low model validity, model reproducibility showed high values (≈0.99) for all responses, since the replicate runs (Table II, (Fig. 2a) .
Peak asymmetry is strongly influenced by methanol proportion in the mobile phase, this being inversely proportional to the value of peak asymmetry. Similarly, the theoretical plate number shows a negative correlation with the quantity of methanol in the mobile phase. Methanol proportion and flow rate had a powerful impact on retention time; inverse proportionality was found (Fig. 2b) . Also, quadratic terms of the methanol proportion (%MeOH × %MeOH) had a significant impact on all responses, flow rate (flow × flow) influencing only retention time in a significant manner. As a consequence, these quadratic terms were retained during model fitting, since their deletion would result in model performance indicator (R 2 , Q 2 ) deterioration. Furthermore, the presence of these quadratic terms indicates a non-linear blending of the effects, and the presence of a curved surface inside the model.
After model fitting, the samples were injected five times using the parameters found as the optimal set provided by the software. The conditions set, using the prediction spreadsheet function are displayed in Table III. The results obtained after five successive injections for the optimal set of chromatographic conditions showed a good correlation with the predicted values, the theoretical plate number being the farthest from the predicted values, but still lying inside the foreseen interval. Under optimized conditions, the analyte eluted at the retention time around 4.4 min (mean 4.42 min, RSD = 0.4 %) as predicted by the software (Fig. 3b) . Peak asymmetry resulted in the mean value of 1.32 (RSD = 1.4 %), being marginally higher than the predicted value. The theoretical plate number resulted in 5755 (RSD = 2.4 %), a value higher by 1167 compared to the value predicted by the software.
Validation of optimized chromatographic method
Stability of the stock solution. -Stability of the active pharmaceutical ingredient in the solution (TFA 0.1 %, V/V) was followed for 168 hours. Degradation of the active substance was ≤ 2 % after 8 hours, reaching approx. 30 % decomposition after the target test period.
Selectivity. -The performed selectivity studies show that SrR could be identified as a sharp, well distinct peak at 321 nm, with no interference from the excipients (Fig. 3c) . In the case of mannitol and aspartame, no peak was observed at the proposed detection wavelength, while maltodextrin showed a small peak at 3.71 min (Fig. 3a) , with resolution of 2.71 to SrR.
Linearity. -The method was found to be linear in the range of 20-320 μg mL , with the coefficient of determination R 2 > 0.99998. Relative standard deviation for each concentration was < 1.5 % for replicate injections, and the plot of response values referring to the target concentration was < 1.0 %. Statistical analysis revealed that the residuals followed Robustness. -The method proved to be robust in the tested range, with low goodness of fit (R 2 = 0.02-0.24) and negative goodness of predictability (Q 2 = -0.49 to -0.22) values, indicating that minor changes in factor settings did not influence the responses (peak asymmetry and theoretical plate numbers) in a significant manner, the results being within the specification limits under the tested factor settings.
Furthermore, the negative goodness of predictability indicated that the software could not foresee conspicuous variations in results for minor changes in factor settings. This was due to homogenous results of the responses under the tested factor intervals.
In contrast to the DoE performed for factor screening, model validity bars were > 0.5 for all three responses (peak asymmetry, theoretical plate number, retention time), indicating that the method had a good validity in the proposed setting range (Fig. 2c) .
Peak asymmetry and theoretical plate number were not influenced by minor changes in mobile phase composition, column temperature and flow rate. However, retention time was sensitive to minor factor setting modifications, showing a strong negative correlation with the proportion of methanol in the mobile phase and the applied flow rate (Fig. 2d) . These observations are in accord with the results of DoE screening used for optimization of the method.
The tested changes in sample preparation (use of regenerated cellulose filter) and signal detection had no significant impact on the chromatographic results; peak asymmetry, retention time, and theoretical plate numbers were not influenced by the investigated factors.
Precision. -Method precision was assessed using Osseor ® granules for oral suspension. The intra-day and intermediate precision showed low variability between samples, RSD values being less than 2 % for all samples. The performed Student's t-test revealed that there was no statistically significant difference between the result sets obtained by the same analyst on the same day and inter-day, nor between two analysts on the same day, indicating that the method provided good intra-day and intermediate precision (Table IV) .
Limit of detection and limit of quantitation. -LOD and LOQ for strontium ranelate, expressed for the anhydrous form, were 0.06 and 0.20 μg mL 
Preliminary method applicability
The assay of strontium ranelate in Osseor ® granules resulted in 99.18 % of active substance according to the label claim, with good precision (RSD < 2 %).
Method benefits
Unlike the disclosed methods already available for the assay of strontium ranelate, the proposed novel method has shorter sample preparation time, thus offering a high throughput of sample analysis.
This assay works within a wider linearity range and shows superior LOD and LOQ values. Furthermore, signal detection is carried out at 321 nm, where no interference was observed with the excipients present in the original product composition.
CONCLUSIONS
The suggested method turned out to be an easy, rapid and cost-effective analytical tool for assaying strontium ranelate in bulk samples and, as expected, in pharmaceutical dosage forms. A computational approach to the design of experiments was used to gain as much knowledge about the chromatographic system as possible. The applied experimental designs for method optimization and robustness testing proved to be adequate and can be used for analytical method development. Furthermore, the method proved to meet all validation requirements (linearity, accuracy, sensitivity, robustness, precision) requested by most international guidelines. In addition, the computational method development offered extensive knowledge about the HPLC system, including the possibility to gather in silico information about the responses that characterise the developed analytical method by modifying factor settings.
